Abstract. Cancer stem cells are thought to be the origin of tumor metastasis. However, evidence of cancer stem cells as the source of lymphatic metastasis in pancreatic cancer is not clear. In this study, we examined the stem cell-like properties of the highly lymphatic metastatic pancreatic cancer cells BxPC-3-LN. Compared with the parental BxPC-3 cells, the BxPC-3-LN cells showed stem cell-like properties, including high lymphatic metastasis potential, self-renewal ability and chemoresistance. In addition, the BxPC-3-LN cells also expressed higher levels of sonic hedgehog and migrating cancer stem cell surface markers (CD133 and CXCR4) compared to the parental BxPC-3 cells. The growth of BxPC-3-LN cells was significantly inhibited by gemcitabine combined with the sonic hedgehog inhibitor cyclopamine. The BxPC-3-LN cells expressed lower levels of let-7, miR-34, miR-107, miR-125, miR-128, miR-130, miR-132 and miR-141 than the parental BxPC-3 cells detected by microRNA PCR array, which were reported to have close relation to stem cell factors. This study provides evidence that cancer stem cells are the major sources of pancreatic cancer lymphatic metastasis, and microRNAs may regulate lymphatic metastasis in pancreatic cancer through modulating cancer stem cells.
Introduction
Pancreatic cancer is a devastating disease with a poor 5-year survival rate of 6% (1) . Local recurrences and systematic metastasis are the major reasons for treatment failure, even after curative operation for early stage tumors (2) (3) (4) . Lymphatic metastases are one of the common routes for tumor recurrences and metastases in pancreatic cancer and also significantly contribute to its poor prognosis (5-7). However, the underlying mechanism of lymphatic metastases in pancreatic cancer is not clear (8) .
Cancer stem cells (CSCs) are a subpopulation of tumor cells that has the capacity to self-renew (by symmetric and asymmetric division), sustains the heterogeneous lineages of cancer cells and continually maintains tumorigenesis (9) . A growing body of evidence has indicated the critical role of CSCs in many solid tumors (10) (11) (12) . In addition to contributing to primary tumor formation, CSCs are also key players in the metastatic processes (12) . However, the role of CSCs in pancreatic cancer lymphatic metastasis has not been well elucidated.
We have previously established a pancreatic cancer cell line BxPC-3-LN with aggressive features and highly lymphatic metastatic potential, which can serve as an ideal platform to study the mechanism of lymphatic metastasis in pancreatic cancer (8, 13) . Given the critical function of CSCs in cancer metastasis, we investigated the stem cell-like properties of BxPC-3-LN cells to confirm the involvement of CSCs in lymphatic metastases of pancreatic cancer. We also examined the expression profile of microRNAs (miRNAs) involved in CSCs and cancer metastasis. Lymphatic metastatic potential. The BxPC-3-LN pancreatic cancer cells with highly lymphatic metastatic capability were previously established by consecutive in vivo selection processes (8) . Eight-week-old BALB/c mice were orthotopically injected with 1x10 6 /ml cells into the pancreas (n=3). Mice were sacrificed at 6-week end-points to examine lymphatic involvement and metastatic lymph nodes were confirmed by pathological examination. Histological features of primary tumors were examined by hematoxylin and eosin staining.
Materials and methods

Cell
Flow cytometry. Flow cytometry was used to detect the surface markers of CD133 (Miltenyi Biotec, Bergisch Gladbach, Germany) and CXCR4 (eBioscience, San Diego, CA, USA) by using Beckman Coulter FC500 (Miami, FL, USA). Cells were collected, fixed by resuspensing in 10 ml of 70% ethanol for 30 min and washed in PBS. They were incubated in PBS solution containing CD133 and CXCR4 antibody at 4˚C for 40 min. Quantitative values are means ± SEM from 3 independent experiments.
Self-renewal ability. Eight-week-old NOD/SCID mice were injected with 10,000 cells into the right flank (n=3). The formation of primary tumors was examined every week. Mice were sacrificed at 4-week end-points to check tumor formation.
Sphere formation of tumor cells was performed as previously described with a slight modification (14) . Cells were maintained in serum-free DMEM/Ham's F12 medium (Invitrogen, Carlsbad, CA) containing 1% N2 supplement (Invitrogen), 2% B27 supplement (Invitrogen), epidermal growth factor (10 ng/ml; PeproTech), basic fibroblast growth factor (20 ng/ml; PeproTech), heparin (2 µg/ml; Sigma-Aldrich, St. Louis, MO) and plated at a density of 1,000 cells/ml in 6-well ultra-low cluster plates (Corning Incorporated, Corning, NY). Sphere formation was observed under light microscope.
Clone formation ability was examined as previously described (15) . In brief, 500 single cells were added to a 6-well culture plate. Culture medium was changed every 3 days. At 2-week end-points, cells were stained with hematoxylin solution. The number of colonies was counted under a light microscope.
Immunofluorescence. Immunofluorescence was performed as previously described (16) . In brief, on preincubation with normal blocking serum (diluted 1:20 in PBS) for 30 min, cells were incubated for 1 h with sonic hedgehog (Shh) antibody (Epitomics, Burlingame, CA, USA) at 1:100 dilution. The cells were labeled with an anti-rabbit IgG-PE secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:200 dilution. DNA was counterstained with DAPI. Microscope was used to observe the expression of specific markers.
RT-PCR. Shh gene expression was tested by reversetranscription polymerase chain reaction (RT-PCR). The total RNA of cells was extracted using TRIzol isolation reagent (Invitrogen). The primers used in the PCR reactions were designed using information from the human genomic data base (forward primer 5'-CGGAGCGAGGAAGGGAAAG-3' and reverse primer 5'-TTGGGGATAAACTGCTTGTAGGC-3').
Drug cytotoxicity assay. Drug cytotoxicity assay was performed as previously described with a slight modification (8) . In brief, the BxPC-3-LN cells were plated at a density of 10 4 cells per well into 96-multiwell plates and were allowed to grow for 24 h. Cyclopamine (6 µmol/l, Sigma-Aldrich), gemcitabine (100 nM, Eli Lilly) and cyclopamine (6 µmol/l) combined with gemcitabine (100 nM) were added to the cells and then incubated for 48 h at 37˚C. After initial incubation, cells were incubated at 37˚C for 4 h with 20 µl of MTS (Promega) and absorbance was read at 492 nm. Viability levels are presented as a percentage of the level obtained from the blank control (untreated cells) (mean ± SE, n=6).
MicroRNA PCR array. Isolation of miRNAs from cells was carried out using the mirVana miRNA Isolation Kit (Applied Biosystems). miRNAs expression was quantified by using TaqMan miRNA qRT-PCR assays as previously described (TaqMan Array Human MicroRNA A+B Cards Set v3.0, Applied Biosystems) (17) . The PCR reaction was performed on 7900HT Real-Time PCR System (Applied Biosystems) with the following conditions: 16˚C 2 min, 42˚C 1 min, 50˚C 1 sec for 40 cycles. The fold change of miRNAs expression (BxPC-3 vs. BxPC-3-LN) was calculated.
Statistical analysis. Fisher's exact test and Student's t-test were applied to compare enumeration data and measure mean t data. Stata 10.0 was used for the tests and p<0.05 was considered statistically significant.
Results
Lymphatic metastasis potential. After 6 weeks of tumor cell implantation orthotopically, the BxPC-3-LN cells generated celiac axis, para-aortic and para-renal lymph node metastases confirmed by pathological examination, with larger primary tumors compared with the parental BxPC-3 cells (Fig. 1A and B) . The distribution of metastatic lymph nodes by BxPC-3-LN cells was similar to human disease. No obvious lymphatic metastasis was observed for the parental BxPC-3 cells (Fig. 1A) .
BxPC-3-LN cells possess CSC markers.
In order to determine whether the lymphatic metastatic BxPC-3-LN cells have CSC-like properties, we examined the expression of the CSC markers CD133 + and CXCR4 + by flow cytometry. As shown in Fig. 2 , the BxPC-3-LN cells contained an average of 1.0% of CD133 + /CXCR4 + cells, which was 5 times of that in the BxPC-3 cells (0.2%), indicating BxPC-3-LN cells possess CSC-like properties, which may explain the matastatic potential of this cell line.
Self-renewal ability. The self-renewal ability of the BxPC-3-LN and BxPC-3 cells was detected by in vivo tumorigenicity and in vitro sphere and clone formation. The BxPC-3-LN cells generated big tumors with 10,000 cells injected after 4 week of implantation (Fig. 3A right) , while no tumor was observed for BxPC-3 cells with the same amount of cells injected (Fig. 3A left) . In addition, the BxPC-3-LN cells showed more spheres (Fig. 3B2 ) and clones formation (Fig. 3C2) than the BxPC-3 cells (Fig. 3B1 and C1 ).
Shh expression is increased in BxPC-3-LN cells.
The expression of Shh in BxPC-3 and the lymphatic metastatic BxPC-3-LN cells was examined by immunofluorescence. The BxPC-3-LN cells showed higher expression of Shh compared with the parental BxPC-3 cells (Fig. 4A) . The upregulation of Shh mRNA in the BxPC-3-LN cells was also confirmed by RT-PCR (Fig. 4B) . Those data suggest that Shh pathway might be involved in the lymphatic metastasis of pancreatic cancer.
Drug cytotoxicity. MTS assay was used to examine the growth inhibition of cyclopamine, gemcitabine and cyclopamine combined with gemcitabine in BxPC-3 cells. As shown in Fig. 5 , cyclopamine combined with gemcitabine (17.3%) caused significant inhibition of cell growth compared with gemcitabine alone (p<0.0001) and cyclopamine alone (p<0.0001) (Fig. 5) , indicating that blocking Shh pathway is needed in controling the lymphatic metastasis of pancreatic cancer.
MicroRNA PCR array. Differential expression of miRNAs in the BxPC-3 and BxPC-3-LN cells was quantified by using TaqMan miRNA qRT-PCR assay. Compared with the BxPC-3 cells, several aberrantly expressed miRNAs related to CSCs were found in the BxPC-3-LN cells, including upregulation of miR-572, miR-206, miR-449a, miR-489, miR184 and downregulation of let-7g-3p, let7i-3p, let-7a-3p, miR-107, miR-128 and miR-141-5p (Fig. 6) , suggesting a possible regulatory role of microRNA in lymphatic metastasis of pancreatic cancer.
Discussion
CSC is thought as the major source of tumorigenesis and metastasis (9) . CD133 is a stem-like cell surface marker expressed in diverse solid tumors, including pancreatic, brain and colon tumors (12, 18, 19) . In pancreatic cancer, CD133 + expressing cells were associated with tumor initiation, chemoresistance, increased cell migration and invasion (12, 20) . More importantly, it was demonstrated that a CD133 + /CXCR4 + subpopulation was responsible for pancreatic cancer metastasis (12) . Previously, we have confirmed the migration, invasive and chemoresistant capability of a lymphatic metastatic pancreatic cancer cell line BxPC-3-LN established by serial in vivo selection (8) . In this study, we further demonstrated that BxPC-3-LN cells presented stem cell-like properties, including highly lymphatic metastastic potential, self-renewal ability and chemoresistance. In addition, the BxPC-3-LN cells also expressed higher levels of Shh, which was considered as one of the most important stem cell-related signal pathways (11, 12) . CD133 + /CXCR4 + cells, which were identified as the migrating CSCs in a previous study (12) , were found to be enriched in the BxPC-3-LN cells compared with the parental BxPC-3 cells. Cyclopamine (a Shh signal pathway inhibitor) combined with gemcitabine showed greater inhibitory effect on the BxPC-3-LN cells than cyclopamine and gemcitabine alone. Our findings suggest that CD133 + /CXCR4 + cells might be the major migrating CSCs and are responsible for the lymphatic metastases of pancreatic cancer. Previous studies reported that gemcitabine-resistant cells showed cancer stem-like cell phenotype, which underwent epithelial-to-mesenchymal transition (EMT) and showed increased expression of the stem cell markers CD24, CD44 and epithelial specific antigen (ESA) (21, 22) . These findings indicate that cancer stem-like cells, which are known for their chemoresistant ability, can be enriched during the acquisition of chemoresistance and in therapeutic treatments (23, 24) . The in vivo serial selection process that was used shares common features to gemcitabine-resistant cells established by exposure to serially escalated doses of gemcitabine, which was also accompanied by an enrichment of CSCs.
miRNAs are a group of short non-coding RNAs that modulate gene expression at the post-transcriptional level, usually leading to translational suppression or gene silencing (25) . miRNAs are involved in tumor maintenance, progression, and treatment resistance (26) (27) (28) . There are also evidence showing that miRNAs regulate CSCs by suppressing the expression of 'stem cell factors' such as Sox2, Kif4, CD44 and Notch (24, (26) (27) (28) (29) (30) (31) (32) . Yu et al (24) found that the CSC-enriched cells expressed low levels of let-7, miR-107, miR-125, miR-128, miR-130, miR-132 and miR-141 compared with the parental cells. Another study showed that restoration of miR-34 strongly suppressed the growth and invasion of p53-mutant pancreatic cancer cells, and sensitized the cells to chemo-and radiotherapy. Moreover, restoration of miR-34 resulted in an 87% decrease in the CD133 + /CXCR4 + CSCs by direct regulating its downstream targets Notch1/2 and Bcl-2, suggesting the potential role of miR-34 in CSCs (29) . In our study, we also showed that the CSC-enriched BxPC-3-LN cells expressed lower levels of let-7, miR-34, miR-107, miR-125, miR-128, miR-130, miR-132 and miR-141 than the parental BxPC-3 cells, indicating miRNAs regulates the lymphatic metastasis of pancreatic cancer by regulating CSCs. In addition, we found upregulation of miR-184 in BxPC-3-LN cells, which is epigenetically regulated by Methyl-CpG binding protein 1 (MBD1) for modulating stem cell growth and differentiation (33) . Our previous studies have demonstrated that MBD1 plays an important role in pancreatic cancer growth and lymphatic metastasis (34, 35) . These findings suggest that MBD1 regulate pancreatic cancer progression by epigenetic regulation of miR-184, which can affect stem cell properties.
In conclusion, the BxPC-3-LN cells possess stem cell-like properties. The in vivo serial selection processes were similar to gemcitabine-resistant cells established by exposure to serially escalated doses of gemcitabine, which was also accompanied by an enrichment of CSCs. Our results suggest the function of CSCs in pancreatic cancer lymphatic metastasis and miRNAs may regulate pancreatic cancer metastasis through modulating the properties of CSCs. 
